Hematopoietic stem cells (HSCs) are capable of extensive self-renewal in vivo and are successfully employed clinically to treat hematopoietic malignancies, yet are in limited supply as in culture this self-renewal capacity is lost. Using an approach at the interface of stem cell biology and bioengineering, here we describe a novel platform of hydrogel microwell arrays for assessing the effects of either secreted or tethered proteins characteristic of the in vivo microenvironment, or niche, on HSC fate in vitro. Time-lapse microscopic analyses of single cells were crucial to overcoming inevitable heterogeneity of FACS-enriched HSCs. A reduction in proliferation kinetics or an increase in asynchronous division of single HSCs in microwells in response to specific proteins (Wnt3a and N-Cadherin) correlated well with subsequent serial long-term blood reconstitution in mice in vivo. Single cells that divided once in the presence of a given protein were capable of in vivo reconstitution, providing evidence of self-renewal divisions of HSCs in vitro. These results validate the hydrogel microwell platform as a broadly applicable paradigm for dissecting the regulatory role of specific signals within a complex stem cell niche.
Introduction
Hematopoiesis relies on the life-long self-renewal and differentiation capacity of sparse populations of hematopoietic stem cells (HSCs). Although HSC function is exemplary in the intact organism, in that single HSCs can reconstitute all of the cell types of the blood, 1 HSCs tend to rapidly specialize and lose their stem cell properties when grown in conventional culture conditions. In vivo, a specific stem cell microenvironment, or niche, has been shown to play a critical role in the maintenance of stem cell function, particularly in Drosophila germ line, 2 mammalian skin 3 and blood. 4, 5 Yet, the specific function of HSC niche components, in particular their role in orchestrating the delicate balance between self-renewal and differentiation, remains poorly understood or is a matter of debate. 6 In vivo studies using knockout and transgenic mouse models have provided important insights, [7] [8] [9] [10] [11] [12] [13] but have also led to results that are contradictory, due in part to the complexity of cellcell and protein interactions in the intact niche. On the other hand, in vitro analyses of FACSenriched HSCs in bulk cultures have been hindered by unavoidable cell population heterogeneity. Thus, the behavior of the enriched stem cells may be masked by highly proliferative progenitor populations. [14] [15] [16] We reasoned that in vitro assays that enable single-cell resolution in a high-throughput format such as microwell arrays [17] [18] [19] [20] [21] [22] [23] [24] could shed light on the effects of specific niche proteins on HSC function. Since, in the niche, HSCs are in contact not only with soluble proteins but also membrane components provided by support cells, we developed a novel micropatterning technique to mimic such interactions by presenting appropriately oriented tethered proteins to cells in arrays of hydrogel microwells. We show that self-renewal and long-term blood reconstitution can be induced by exposure of single HSCs to either soluble or tethered proteins. Here we show that cells that divided once in the presence of a given protein led to serial longterm reconstitution of the blood in HSC-depleted lethally irradiated mice, providing evidence of self-renewal divisions in vitro. Together, these data provide insights into the roles of selected proteins implicated in the HSC niche and they validate the hydrogel microwell array platform for studies of extrinsic regulators of single stem cell fate in general.
Experimental Isolation and purification of hematopoietic stem/progenitor cells by flow cytometry
All animal experiments were performed in compliance with the laws and institutional guidelines of Stanford University. The protocols and experiments were approved by the Administrative Panel on Laboratory Animal Care (Assurance #A3213-01) and verified by Stanford's Institutional Animal Care and Use Committee. Hematopoietic stem/progenitor cells were isolated from bone marrow donors of 8-to 12-week-old GFP + C57BL/6-Ly5.1 mice, stained and purified as described in detail in the ESI. † The lineage depleted cell population was separated by Flow cytometry on a Vantage SE FACS instrument (BD Bioscience, USA) at the Stanford FACS core facility. Single viable (propidium iodide negative) Lin − ckit + Sca1 + CD150 + cells were triple sorted using the gates shown in the FACS plots in Fig. 2 and directly deposited in microwell arrays. FACS data were plotted using FlowJo (TreeStar Inc., USA).
Long-term reconstitution assays
In order to assess self-renewal potential of HSCs, long-term blood reconstitution assays were conducted in mice lethally irradiated to deplete their endogenous HSCs. We transplanted 10, 20, 40, 100 or 500 GFP + cells (C57BL/6, Ly5.1) of the LKS or LKS-CD150 + population per animal together with 500 000 GFP − Sca1 − CD150 − bone marrow 'helper' cells incapable of long-term reconstitution (C57BL/6, Ly5.1) into lethally irradiated wild-type host mice (C57BL/6, Ly5.2), as previously described. 25 Reconstitution was measured by assessment of GFP + Ly5.1 + cells in the CD45 gated peripheral blood derived from retro-orbital bleeding 4, 8, 12 , and 24 weeks after transplantation as described in the ESI. 
Fabrication of hydrogel microwell arrays for high-throughput analysis of single HSC behavior
Poly(ethylene glycol) (PEG). Linear PEG-(SH) 2 (mol. wt. 3400 g mol −1 , 100% substitution as indicated by the manufacturer) was purchased from Nektar (Huntsville, AL, USA). 8arm-PEGvinylsulfones were produced from 8arm-PEG-OH (mol. wt. 40 000 g mol −1 ) as described elsewhere 26 and characterized as described in the ESI. † (Fig. 1A) to form hydrogels was performed by adapting a previously developed mild and versatile chemistry. 26 Details of the procedure are available in the ESI. † Hydrogel microwell array formation (Fig. 1B) . Hydrogel microwell arrays were fabricated by a multistep soft lithography process. PDMS microwell array masters of the size of an entire Si wafer were a generous gift from Dr Marc Dusseiller (ETH Zurich, Switzerland). Immediately after mixing, the PEG precursor solution was pipetted onto the microstructured PDMS surfaces and polymerized (30 min, 37 °C in a humidified incubator) between two hydrophobic glass slides separated by a 0.7 mm spacer at both ends. The PEG hydrogel microwell arrays were peeled o., washed thoroughly and left to swell overnight in PBS. Prior to cell culture, the swollen PEG hydrogel microwell arrays were fixed on the bottom of plastic wells of a desired well plate using the above solution of gel precursors as efficient 'glue', and the arrays were equilibrated at 37 °C in cell culture medium. Further details are available in the ESI. † Hematopoietic stem cell culture LKS-CD150 + were cultured under sterile conditions in a serum-free basal media containing Stemline II hematopoietic expansion medium (Sigma, USA) supplemented with 100 ng ml −1 SCF and 2 ng ml −1 Flt-3 ligand in 10% CO 2 at 37 °C in a humidified incubator. In a typical experiment, 300 individual LKS-CD150 + cells were seeded per well of a 96-well plate containing a total of 400 microwells in 200 μl of medium (or else to facilitate micromanipulation, 1000 to 2000 cells per well of a 24-well plate containing 4000 microwells in 1 ml of medium). After 1 h during which individual cells randomly sedimented to the bottoms of microwells, the plate was transferred to the incubator of the microscope and further cultured under the same sterile conditions for at least four days. The selected putative soluble HSC regulatory proteins that were tested for their effects on HSC fate are described in Supplementary  Table 1 . † Time-lapse microscopy and image analysis LKS-CD150 + cells were directly sorted into wells each of which contained hundreds of microwells, as described above. The plate was then placed in the environmental chamber of an inverted microscope (Zeiss Axiovert 200) equipped with a motorized stage. After cells were randomly distributed and trapped in microwells, the XYZ stage was programmed to repeatedly raster across the microwell array surface, acquiring phase contrast images at 5× (in some cases 10×) magnification of multiple locations in defined time intervals for a period of up to 7 days. The entire surface of the microwell arrays was scanned and the resulting images of the timelapse experiment were then automatically compiled into a stack (library) using the Volocity software (Improvision). Cells were scored dead when they ceased to move on the microwell surface. PI staining was utilized to confirm the death read-out. Scoring of time-lapse movies was facilitated by a Matlab program as described (see the Results section and the ESI † ).
Gelation of PEG precursors

Analysis of HSC maintenance and self-renewal in vitro by transplantation of cultured cells into mice
In a first experimental paradigm, the progeny of 100 stem cells generated over 4 days in culture were pooled and then transplanted into lethally irradiated mice as described above. In another set of experiments, micromanipulation was employed to pick progeny of single stem cells that underwent a defined number of divisions in culture. Single cells, doublets or larger colonies (>3 divisions) were collected with a glass micropipette using an inverted microscope equipped with a micromanipulator and micro-injector. The micromanipulated cells were transferred to Eppendorf tubes and then transplanted as described above.
In situ patterning of biomolecules on microstructured gels by 'reactive microcontact printing'
In order to control both topography and localized presentation of extracellular matrix and transmembrane HSC regulatory proteins on gel microwell arrays, protein immobilization was restricted to selected areas on the gel surface via a novel hydrogel microfabrication process termed 'reactive microcontact printing' (Fig. 4 ) described in detail in the ESI. † Briefly, the above PDMS masters were first 'inked' using PEG-modified ProteinA (PIERCE, USA) to adsorb the ProteinA just on the tip of the PDMS pillars, followed by hydrogel microwell casting as described above, transferring to and locally covalently immobilizing ProteinA from the PDMS surface onto the microstructured gel matrix. Subsequently, ProteinA-modified PEG hydrogel microwells were incubated (1 h, 37 °C, humidified incubator) with a solution of a desired Fc-chimeric protein (at 10 μg ml −1 ) in PBS and extensively washed to remove nonimmobilized proteins. Confocal laser scanning microscopy was utilized to test the extent, uniformity, and stability of the microcontact printing process. The selected putative Fcchimeric HSC regulatory proteins that were tested for their effects on HSC fate are listed in Supplementary Table 2 . †
Statistical analysis
Student's T test was used to determine significance, set at p < 0.05.
Results
Fabrication of hydrogel microwell arrays for cultivation of single stem cells
We used a combination of biomaterials engineering 27, 28 and microfabrication 29 to generate arrays of hydrogel microwells to track the proliferative behavior of single stem cells. Single cell analysis was critical, given the inevitable heterogeneity of even FACS-enriched HSC populations. 30 The platform was designed to be amenable to live-cell microscopic analysis of hundreds of single HSCs exposed to the same protein, and compared simultaneously with HSCs exposed to other proteins. Such 'microwell arrays' can spatially segregate individual cells and recently have become useful tools for studies of the biological properties of single cells. [17] [18] [19] [20] [21] [22] [23] [24] We selected poly(ethylene glycol) (PEG)-based hydrogels as microwell substrates due to their biomimetic physicochemical properties. 31, 32 In contrast to tissue culture plastic or many previously developed microwell arrays, crosslinked PEG networks are soft (elastic modulus in the range of hundreds of Pa 28 ) and have a high water content (>95%). We therefore reasoned that PEG hydrogels could simulate the soft and hydrated microenvironment of HSCs in the bone marrow.
Arrays of hydrogel microwells were fabricated using standard photolithography to etch the microwell pattern into a silicon substrate 19, 29 onto which liquid thermocurable poly (dimethylsiloxane) (PDMS) was polymerized (Fig. 1B1) . The elastomeric PDMS template was then used to cast hydrophilic polymer precursors of PEG that were covalently crosslinked, as previously described, 33 to form inert hydrogels (Fig. 1B2) . PEG hydrogel microwell arrays were removed from the PDMS, equilibrated in PBS, and attached to the bottom of tissue culture wells ( Fig. 1B3-4 ). Since each well was supplemented with an individual protein, the several hundred single HSCs trapped within microwells (100-130 μm diameter) of a given well were all exposed to the same protein. Since the unmodified PEG hydrogel substrates are nonadhesive for cells, 28 even highly migratory HSCs were not able to escape the microwells, facilitating long-term live-cell microscopic analyses (Fig. 1C and Supplementary Movie 1 † ).
Isolation and characterization of murine hematopoietic stem cells
To select for a highly enriched HSC population for use in our studies, we adapted two published FACS protocols. Specifically, we compared the in vivo reconstitution potential of doublesorted Lin − ckit + Sca1 + (LKS) cells, 34 and a subpopulation of LKS cells expressing the SLAM receptor CD150 (LKS-CD150 + ) 35 ( Fig. 2A) . Reconstitution was measured by assessment of GFP + Ly5.1 + cells at 1, 2, 3, and 6 month after transplantation (Fig. 2B-D) . When 10-40 cells were transplanted, LKS-CD150 + demonstrated multilineage reconstitution potential in 100% of the recipients analyzed; by contrast, as the transplanted LKS cells decreased in number, a progressive loss of reconstitution potential was observed, in agreement with previously reported findings. 35 These data provide functional evidence that the majority of cells in the LKS-CD150 + population are long-term reconstituting HSCs (LT-HSC), while the LKS fraction is more heterogeneous presumably due to an increased proportion of multipotent progenitor cells (MPP) with reduced self-renewal function.
Stem cells exhibit slower in vitro division kinetics than multipotent progenitors
We postulated that the extent of division of the stem cell enriched LKS-CD150 + cell population would be reduced, as the cells would divide more slowly in culture than LKS cells. To test this hypothesis we assessed the division kinetics of each population by seeding 300 single cells per well of a 96-well plate containing a total of 400 microwells (Fig. 1C) . Single cells randomly sedimented within minutes to the bottoms of microwells. Microwells with multiple cells at the onset of the experiment were eliminated retrospectively from the analysis. At least 100 single cells of both populations were tracked by automated time-lapse microscopy and the kinetic proliferation profiles quantified as the distribution of numbers of HSC progeny generated per microwell as a function of time. When cultured in a basal serum-free culture medium supplemented with only stem cell factor (SCF, or c-kit ligand; 100 ng ml −1 ) and Flt-3 ligand (2 ng ml −1 ), 36 cells of the two phenotypes exhibited marked differences in division kinetics ( Single cell analysis enables not only studies of the extent of division as shown above, but also allows the measurement of time between divisions for each individual HSC to be assessed, assays not possible with bulk cultures. LKS cells relatively homogeneously entered their first division after 35 h on average, whereas LKS-CD150 + displayed a higher degree of heterogeneity ( Fig. 3B) , with a large number of cells entering their first division at very late time points and an average time to first division of ca. 50 h. For LKS cells the distribution in the time between the first and second division (average 22 h) and between the second and third division (average 13 h, not shown) became narrower as the cells cycled faster during the two consecutive rounds of division. By contrast, LKS-CD150 + cells displayed a time between the first and second division of 42 h and rarely underwent a third division within the period analyzed. Taken together, this analysis of single cell growth kinetics revealed prolonged cell cycle times for stem cells compared to progenitors when cultured on microwell arrays in a serum-free basal culture medium supplemented with only two growth factors essential to cell survival.
We tested whether the LKS-CD150 + cells grown in PEG hydrogel microwells under basal conditions described above, with no additional factors, would support HSC function using an in vivo assay. The progeny of 100 single GFP + cells grown for 7 days in microwells were tested for stem cell function by transplantation of the cultured cells into lethally irradiated mice. In contrast to freshly isolated LKS-CD150 + cells which led to high peripheral blood reconstitution upon transplantion in mice (5/5), none of the mice injected with cells from microwells exhibited reconstitution (0/5), indicating that essential niche factors were lacking in the culture system. These data provided the impetus for the subsequent systematic studies of individual soluble and tethered factors implicated in the HSC niche on HSC function.
Presentation of tethered proteins in hydrogel microwell arrays
The hydrogel microwell platform described above can be readily used to probe effects of soluble factors on the behavior of populations of single stem cells. However, it does not fully recapitulate the presentation mode of protein cues within the niche, as stem cells are anchored to the niche via insoluble cell-cell adhesion interactions with support cells, as well as receptorligand interactions from a protein-and sugar-rich extracellular matrix. 37 These adhesive interactions likely not only localize the stem cell, but also bring it in close proximity to soluble self-renewal signals secreted by the support cells. 38, 39 In order to recapitulate HSC-niche interactions in vitro in a near-physiologic fashion, we developed a novel technique to spatially pattern and immobilize proteins onto our hydrogel matrices (Fig. 4) . Protein tethering was achieved by attaching a heterofunctional PEG linker to a protein of interest and then crosslinking this complex into the gel network. To ensure siteselectivity in protein immobilization, we focused on engineered Fc-chimeric proteins that could be linked via binding to an intermediate auxiliary protein, ProteinA, that contains four highaffinity binding sites (K a = 10 8 per mole) for the Fc-region of human, mouse and rabbit immunoglobulins. To specifically functionalize gels and immobilize proteins only at the bottom of microwells, rather than homogeneously distributing proteins across the entire array (bulk modification), the microwell fabrication process (Fig. 1B) was augmented by adding a reactive microcontact printing step (Fig. 4B ): PEG-functionalized ProteinA was adsorbed onto the posts of the PDMS stamp (step 1,2) and the hydrogel polymerized onto the ProteinA/PDMS (step 3,4), transferring both the topographic pattern and protein pattern onto the gel surface.
We found that selective modification of microwells with Fc-chimeric adhesion proteins such as V-CAM ensured efficient confinement and tracking of HSCs over long culture periods, whereas the cells escaped from the microwells within a few hours when the bulk of the surface was modified (not shown). Immunofluorescence microscopy revealed that microcontact printed proteins, such as a BSA-FITC model protein were localized at the bottom of the microwells (Fig. 4C) . When ProteinA was used, Fc-chimeric proteins such as N-Cadherin (NCad) were shown via immunostaining to be effectively tethered (Fig. 4D) . The platform which we generated is advantageous as it is versatile: microwell arrays containing microcontactprinted ProteinA can be incubated with any Fc-chimeric protein of interest, yielding microwells with the properly oriented, immobilized protein localized to the bottom of each well.
HSC division kinetics change in response to selected soluble and immobilized protein cues
We next systematically tested the effects of selected soluble and immobilized proteins on the proliferation kinetics of LKS-CD150 + (designated hereon as HSCs). Although the candidate proteins selected for study here had been implicated by others to have a role in HSC regulation, the specific function of these proteins in the niche remains largely unknown. In order to maximize the sensitivity in detecting responses to individual factors, we again used basal growth factor conditions, supplemented with a series of seven different soluble protein morphogens or cytokines and six Fc-chimeric transmembrane proteins. Soluble protein doses were selected based on published concentrations (see ESI † ), and all factors were tested separately, but simultaneously in multiple experiments in 96-well plates (Fig. 1A) .
Strikingly, the addition of single proteins to the basal medium markedly altered proliferation kinetics, as is evident from the distribution of total cells per microwell over a period of 4 days in culture (Fig. 5A ). These data are derived from a quantification of the extent of proliferation, or total cell number, at time intervals for each microwell. Since the microwell platform in conjunction with time-lapse microscopy is designed to perform high-throughput experiments, a means of facilitating cell counting is critical. To obtain proliferation data at a clonal level and count cells in individual microwells we used Matlab (Mathworks Company) to design a customized, semi-automated cell counting program. Starting with a master image containing all 400 microwells within an array, edge detection was used to locate all microwells and then segment each microwell into its own image, yielding 400 separate images per array. For each microwell containing a single cell, a series of images corresponding to that microwell was generated automatically at each time point (every 24 h). This program allowed us to rapidly select the microwells for analysis and automatically visualize successive frames of time-lapse movies of the same microwell on the computer screen, enabling rapid and precise visual evaluation and recording of cell division in an annotated Excel format.
The kinetic proliferation profiles, quantified by the distribution of HSC progeny generated per microwell per day in response to specific proteins, revealed four distinct patterns (Fig. 5A ). Most proteins (IGF-2, FGF-1, Ang1, I-CAM, VE-Cad, P-Sel, V-CAM) exhibited a proliferation profile similar to that of the basal media, i.e., they had no noticeable effect (Type I). By contrast, one protein, Wnt3a resulted in relatively small clone sizes of primarily one or two cells per microwell (Type II). Two proteins (TPO, IL-11) resulted in relatively large clone sizes of >8 cells per microwell (Type III). In general, Types I-III exhibited a prevalence of clones with even numbers of 2, 4 and 8 cells. However, for three proteins (Shh, Jag-1, and NCad), designated as Type IV, the number of clones with an odd number of 3 cells microwell was increased above basal Type I conditions, indicative of a higher frequency of asynchronous division of daughter cells. For Type IV proteins, we performed an additional analysis to determine the percentage of microwells that contained 3 cells at 24 h time intervals and an increase in the proportion of microwells with three cells was consistently observed over a period of one week compared to basal conditions (Fig. 5C ). Care was taken to only score novel appearances of 3 cells per microwell at each time point in order to avoid counting the same data twice. To facilitate comparisons, a histogram for proteins of Types I-IV is shown depicting the relative proportions of microwells with non-dividing cells (1 cell), slow dividing clones (2 cells), fast dividing clones (≥ 4 cells) or asynchronously dividing clones (3 cells) (Fig. 5B) . From these data, the four distinct proliferative patterns are particularly clear. Representative proteins of the three types that differed from basal were selected for further analysis, Wnt3a (Type II), TPO (Type III), and N-Cad (Type IV), of which the first two are soluble and the last is tethered.
An analysis of the detailed time course, in particular the time between divisions in culture, revealed profound differences among the three types of proteins ( Supplementary Fig. S1 and corresponding Supplementary Movies 4-6 † ). For these studies, we performed time-lapse experiments with 1 h time intervals for a period of up to 7 days. Representative images taken from the resulting movies of HSCs exposed to the four types of protein conditions (basal, TPO, Wnt3a, and N-Cad) are shown in microwells at 20 h intervals (see Supplemental Fig. S1A  † ) exemplifying the differences in proliferation kinetics depicted quantitatively in Fig. 5 . Compared to basal conditions, TPO-exposed HSCs exhibited a relatively homogeneous distribution, entering their first division on average at 37 h (Supplemental Fig. S1B  † ) . Most cells that underwent a first division in the presence of TPO, divided a second time with an average time to division of 21 h. Notably, TPO proliferation kinetics resembled those observed with multipotent progenitors (MPP/LKS in Fig. 3 ) with similar peaks, and times to first division and between first and second divisions. In contrast, cells exposed to Wnt3a and N-Cad revealed a higher degree of heterogeneity, with some cells dividing almost immediately and others entering their first division after as much as 80 h.
Notably, HSCs exposed to Wnt3a and N-Cad displayed average times between first and second divisions and time to first division (50 h vs. 47 h; and 47 h vs. 34 h, respectively) that were not reduced, but instead somewhat prolonged. These results show that exposure of single HSCs to single extrinsic cues has a marked effect on stem cell proliferation kinetics in vitro.
Slow cell proliferation kinetics induced by Wnt3a correlates with long-term reconstitution in vivo
The disparate proliferation behaviors observed with TPO, Wnt3a and N-Cad suggested that HSCs cultured in the presence of these three factors might have different biological properties. Accordingly, we tested whether the cells exposed to these factors differed with respect to selfrenewal, multipotency, and engraftment assessed by long-term blood reconstitution. 100 HSCs were seeded in microwell arrays, exposed to TPO, Wnt3a, N-Cad or basal medium in culture for ≥ 4 days and all progeny harvested, pooled, and transplanted into lethally irradiated hosts (Fig. 6A ).
After 6 months, a high efficiency of reconstitution with robust peripheral blood (PB) chimerism was obtained in mice transplanted with GFP + HSC that were cultured in the presence of Wnt3a (6/9, up to 93% PB chimerism) or N-Cad (4/5, up to 95% PB chimerism), whereas a low efficiency of reconstitution with low PB chimerism was obtained for the basal medium control (1/9, up to 5% PB chimerism) and TPO (2/9, up to 21% PB chimerism) (Fig. 6B) . Moreover, donor-derived peripheral blood chimerism persisted for six months in all mice reconstituted with cells exposed to Wnt3a or N-Cad, but declined progressively in mice reconstituted with cells exposed to basal medium or TPO (Fig. 6B) . Wnt3a-or N-Cad-treated cells yielded normal lymphoid and myeloid ratios, whereas cells exposed to basal medium and TPO-treated cells, gave rise primarily to lymphoid lineages (Supplemental Fig. S2  † ) . These differences were even more pronounced upon secondary transplantation of HSCs from reconstituted mice into lethally irradiated recipients (Fig. 6D) . Whereas uncultured, Wnt3a-and N-Cad-treated cells led to reconstitution in most secondary recipients (17/17, up to 95% PB chimerism; 20/21, up to 91% PB chimerism; 3/4 up to 67%) none (0/3) of the TPO-treated cells from the poorly reconstituted primary transplants led to successful reconstitution upon secondary transplantation, and cells exposed to the basal medium yielded such low reconstitution that secondary transplants were not possible. These results show that exposure to Wnt3a or N-Cad in vitro in hydrogel microwells leads to retention of stem cell function. These data also provide evidence that both the rate and synchrony of stem cell division induced by single extrinsic factors in vitro correlated with in vivo HSC reconstitution potential in mice, suggesting that these characteristics could serve as predictors of maintenance of stem cell function.
Evidence for self-renewal: Wnt3a and N-Cad maintain stem cell multipotency after division in culture
We postulated that the effect of Wnt3a or N-Cad shown in Fig. 6 could result either from a retention of stem cell function in non-dividing cells or from self-renewal and the production of another stem cell in the course of cell division in culture. To distinguish between these two possibilities, we analyzed the in vivo function of HSCs that never divided (singlets), divided once (doublets) or divided more than three times (clones). For this purpose, a series of transplantation experiments was carried out using micromanipulation to harvest HSC progeny from individual microwells after exposure to TPO, Wnt3a or N-Cad (Fig. 7A) . Notably, TPOtreated singlets could not be tested, as cells that did not undergo division within 4 days were exceedingly rare, except when they formed giant megakaryocytes ( Supplementary Fig. S3 and corresponding Supplementary Movies 7&8 † ). Strikingly, despite substantial technical challenges, upon transplantation of 40 singlets exposed to N-Cad (10 per lethally irradiated mouse), long-term blood reconstitution was detected in 1 of 4 mice. These results demonstrate that stem cell multipotency can be maintained for up to one week in the absence of cell division in culture in the presence of N-Cad, but not Wnt3a.
To address whether exposure to Wnt3a or N-Cadherin was correlated with self-renewal, we transplanted cells that underwent one division (doublets; 5-10 per lethally irradiated mouse) (Fig. 7A) . This experiment required monitoring the cultures by continuous time-lapse microscopy to ascertain when division occurred. Notably, none of the animals (0/16) transplanted with a total of 100 TPO-stimulated doublets exhibited blood reconstitution. In contrast, out of the 115 Wnt3a-stimulated HSC doublets transplanted into 19 recipients, 3 mice exhibited high reconstitution potential with up to 92% PB chimerism (115 doublets transplanted, 3/19 mice), comparable to N-Cad stimulated cells (90 doublets transplanted, 2/15 mice). These experiments demonstrate that soluble Wnt3a or immobilized N-Cad can maintain stem cells by self-renewal, whereas TPO cannot. By contrast, transplantation of larger clone sizes never resulted in bone marrow reconstitution, irrespective of the factors to which HSCs were exposed, suggesting that even in the presence of Wnt3a or N-Cad, cells characterized by a faster proliferation rate in culture had lost their stem cell capacity. These results show that stem cell function is maintained after one division in the presence of Wnt3a or N-Cad, and provide evidence of self-renewal in response to single proteins in vitro.
Discussion
A dissection of the regulatory role of specific signals within a complex somatic stem cell niche is crucial for developing therapeutic strategies using adult stem cells. In the case of HSCs, identification of cues that induce HSC self-renewal and expansion can be envisaged, overcoming the shortage of donor cells available for transplantation from adults and facilitating the use of autologous cord blood HSCs. Here we present an approach at the interface of stem cell biology, biomolecular materials engineering and microfabrication technologies. The novel cell culture platform we designed is fabricated from a soft and inert substrate that imbibes large amounts of water, thus mimicking critical physicochemical aspects of the HSC niche. The inertness precludes non-specific adsorption of proteins. Yet, proteins of interest can be specifically presented by incorporating in the polymer network a heterofunctional PEG linker to which ProteinA is covalently crosslinked, allowing Fc-chimeric proteins to be siteselectively anchored on the hydrogel surface. In this manner, specific Fc-chimeric proteins typical of cell-cell interactions in the niche can be tested without the complexity of co-culture. While cell trapping and high-throughput single cell experimentation is afforded by several other microwell array systems, [17] [18] [19] [20] [21] [22] these arrays were generally made with more rigid and hydrophobic substrates than PEG hydrogels, such as PDMS or glass.
Although some other groups have previously used photo-polymerized PEG to fabricate hydrogel microwell arrays for the study of embryonic stem cell cultures, 23, 24 the selective tethering of proteins to this substrate has not been achieved. To explore the crosstalk of adult stem cells with their niche, and elucidate the role of factors that direct their self-renewal or differentiation, both soluble and immobilized extracellular matrix and transmembrane proteins must be studied. With the platform presented in this report, this will now be possible. Our minimalist approach, a 'deconstruction of the niche', enables the predominant role of specific proteins to be evaluated in the absence of the complexity of the in vivo microenvironment. Further studies using this platform will build upon the results presented here, revealing not only proteins involved in self-renewal, but also expansion, presumably via presentation of protein combinations.
The single cell analyses presented here using our hydrogel microwell platform support previous studies on the role of Wnt3a on HSC fate in tissue culture. Our experiments reveal, in accordance with an earlier study by Willert et al. 40 that soluble Wnt3a protein plays a role in the self-renewal of HSCs. When clones from 100 microwells were pooled and transplanted into lethally irradiated mice, reconstitution of the blood was observed (Fig. 6) , a finding that could have been due to either persistence of the stem cell state or to self-renewal in these culture conditions. To distinguish between these two possibilities, we transplanted doublets, cells that divided in culture once. The finding that doublets reconstituted the blood upon transplantation is evidence that self-renewal occurred. However, since we did not separate daughter cells to probe their reconstitution potential separately, we could not determine whether Wnt3a induced asymmetric self-renewal divisions leading to stem cell maintenance or induced symmetric selfrenewal divisions leading to stem cell expansion. That Wnt3a leads to HSC expansion has been suggested based on studies that either employed retroviral delivery and overexpression of active β-catenin 41, 42 or HSCs from BCL-2 transgenic mice. 40 However, the absence of selfrenewal upon transplantation of clones (≥ two divisions) shown here for unmodified HSCs from wild type recipients, supports a role for Wnt3a in stem cell maintenance by asymmetric divisions rather than stem cell expansion.
Studies of the role of the Wnt pathway in HSC self-renewal in vivo using genetic gain or loss of function of catenins within HSCs themselves have yielded contradictory results. Conditional Cre-mediated deletion of β-catenin in bone marrow progenitors 43 or double knockout of β-and γ-catenin 44 had no impact on HSC maintenance and multilineage reconstitution, yet Wnt signaling assayed by reporter genes was functional, suggesting that catenins are not essential to canonical Wnt signal transduction. 44 Moreover, in two recent studies, conditional overexpression of β-catenin led not only to forced entry of HSCs into the cell cycle and multilineage reconstitution of the blood, but also to loss of a functional HSC pool capable of long-term reconstitution and ultimately death. 45, 46 Notably, these studies explored the impact of intrinsic effects of the lack or excess of one component of the Wnt signaling pathway, catenins, by genetic alteration of the stem cells.
However, Wnt signaling is known to be highly context-dependent 47 and perturbations of Wnt levels produced by cells other than HSCs in the niche may yield more physiologic results. Indeed, a recent study by Scadden and colleagues, 48 underscored the importance of the microenvironment in Wnt signalling. When transgenic mice were made in which Dickkopf1 (Dkk1), an antagonist of Wnt/β-catenin signalling, was expressed by osteoblasts, support cells neighboring HSCs in the bone marrow, a progressive decline in long-term reconstitution potential was observed and this effect was not reversed upon transplantation of the HSCs into wild-type recipients. These data indicate that when wild-type HSCs are not exposed to Wnt in the niche, self-renewal is impaired and cannot be rescued upon transplantation into normal recipients. The failure to reconstitute in the absence of Wnt signalling appears to be due to a depletion of HSCs in the G 0 phase of the cell cycle, leading ultimately to a loss of the stem cell pool. These results provide strong evidence that Wnt3a in the microenvironment is crucial for sustaining HSC quiescence and long-term self-renewal capacity, in support of our in vitro findings with cells exposed to Wnt3a in hydrogel microwells.
Our single cell analyses showed that faster proliferation as seen with TPO, can correlate with a loss of HSC self-renewal function and shifts differentiation preferentially toward a lymphoid fate. A similar inhibition of self-renewal has been reported when HSCs were exposed to TPO in commercially available cytokine cocktails. 49 However, recent reports using transgenic and knockout mice have suggested that TPO plays a role in stem cell quiescence in the HSC niche as well as in expansion. 12, 13 The difference between our in vitro findings and these mouse genetic models likely reflects the complexity of the in vivo microenvironment and the interplay of numerous secreted and cellular factors. Exposure of HSCs to TPO alone in microwells led to one dominant behavior: excessive proliferation and loss of stem cell potential. In a multifactorial in vivo environment TPO may have dual effects including a critical role in quiescence. Future studies using microwell arrays can now investigate the interactions of two or more proteins, for example probing the effects of TPO together with Wnt3a or N-Cadherin, simultaneously or sequentially, on HSC function, an interplay that may be necessary to induce not only self-renewal leading to HSC maintenance, as shown here, but also to HSC expansion and increased stem cell numbers.
Our results suggest that N-Cadherin, when presented in vitro immobilized on hydrogel surfaces that mimic physicochemical properties of the niche, can maintain single stem cells in a multipotent, self-renewing state. The asynchrony in divisions of stem cell daughters (Fig. 5) , would suggest the involvement of asymmetric divisions; a single stem cell fate that needs to be investigated further on our microwell array platform. N-Cadherin has been shown to be present on a subset of osteoblasts in the endosteal niche. 8, 9, 50 Indeed, with low level reactive oxygen, osteoblastic N-Cadherin is increased in parallel with HSC quiescence and self-renewal. However, a functional role in HSC maintenance has not previously been documented. A recent report suggested that HSCs do not express NCadherin and that its absence, or blocking via antibodies, does not alter hematopoiesis. 6 However, heterophilic interactions between N-Cadherin and other classical Cadherins, protocadherins, and atypical cadherins 51 expressed by HSCs cannot be ruled out and could play an important role in the HSC niche. Moreover, recently, N-Cadherin was shown to be expressed by HSCs. 52 Remarkably, N-Cadherin expression levels appear to reflect specific functional 'states' of HSCs; HSCs that express low amounts of N-Cadherin exhibit significantly reduced cell-cycle entry rates, whereas HSCs that express intermediate amounts of N-Cadherin appear to function as 'reserve' cells in the niche responsible for long-term maintenance of hematopoiesis. These studies suggest that the effects on self-renewal of HSCs observed in response to extrinsic N-Cadherin, as provided in our hydrogel microwell platform, is likely to reflect its biological role in HSC function in the niche.
Conclusions
Taken together, these experiments suggest that (1) the kinetic behavior of rare populations of adult stem cells can be systematically studied and manipulated at the single cell level using arrays of hydrogel microwells in conjunction with time-lapse microscopy, (2) cell-cell interactions can be mimicked without the complexity of co-culture by tethering properly oriented transmembrane niche proteins, (3) exposure of single HSCs for ≥ 4 days to single extrinsic cues typical of the niche have profound effects on stem cell function in vitro enabling reconstitution of the blood in vivo, (4) division kinetics (slow or asynchronous proliferation) of single HSCs in response single proteins (Wnt3a and N-Cadherin, respectively) can correlate with in vivo stem cell function. The identification of specific molecules that influence HSC maintenance by self-renewal and ultimately HSC expansion without genetic manipulation should have clinical utility in overcoming the limitation of cell numbers currently available for transplantation.
Insight, innovation, integration
Adult stem cell microenvironments, termed niches, are crucial for stem cell function. They are complex, multifactorial regulatory entities that are difficult to study using conventional experimental in vivo or vitro paradigms. We have combined biomaterials technology with microengineering to produce protein-functionalized hydrogel-microwell arrays. Analyses of single hematopoietic stem cells (HSCs) by time-lapse microscopy resolved kinetic differences obscured in bulk cultures and showed that in vitro behavior could predict in vivo stem cell function. By demonstrating that single cells undergo self-renewal divisions in microwells in response to selected soluble proteins or immobilized proteins that mimic cellcell interactions typical of HSC niches, we could deconstruct a complex niche and parse out the role of certain individual components using novel 'artificial niches'.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Purification and long-term reconstitution efficiency of LKS versus LKS-CD150 + (A) Freshly isolated murine bone marrow cells were magnetically depleted for Lineage markers, FACSsorted for Lin − ckit + Sca1 + (LKS), then resorted twice for CD150 + . LKS comprise 1% ± 0.5% of the magnetically depleted Lin − fraction and the CD150 + fraction comprises 20% ± 7% of the LKS population. (B) To assess long-term reconstitution and thus self-renewal potential of the LKS and LKS-CD150 + populations, 10, 20, 40, 100 and 500 GFP + cells (C57BL/6, Ly5.1) of each population were transplanted into lethally irradiated wild-type host mice (C57BL/6, Ly5.2) together with 500 000 CD150 − Sca1 − helper cells (C57BL/6, Ly5.1). Percentages of mice that sustained >0.5% PB chimerism up to 24 weeks post-transplant were determined for each population (Black bars: LKS, grey bars: LKS-CD150 + ) (C) Peripheral blood (PB) from each transplanted mouse was analyzed for reconstitution for at least 6 months by assessing the proportion of GFP + Ly5.1 + circulating white blood cells. (D) Both lymphoid (B220/CD3) and myeloid (Mac1/Gr1) lineages were reconstituted in these mice. Microcontact printing to generate 'artificial niches' via site-selective attachment of niche proteins. (A) A heterofunctional PEG linker is used to covalently attach ProteinA to the gel networks of Fig. 1 . Subsequently, ProteinA site-selectively anchors Fc-chimeric proteins on hydrogel microwell arrays. (B) Overview of multistep process to locally immobilize Fcchimeric proteins to the bottom of hydrogel microwells. A PDMS stamp containing an array of micropillars is inked at the pillar tips with PEG-modified ProteinA (step 1 and 2). Similar to the protein-free process, this stamp is used as a template to crosslink a PEG gel to generate the complementary microwell array topography. Simultaneously, PEG-ProteinA is transferred to the surface of the gel as is formed, covalently linked to the polymer network (step 3 and 4). Upon swelling and washing, an Fc-chimeric protein is incubated and selectively binds to ProteinA (step 5). Hydrogel microwell surfaces selectively modified with regulatory proteins of choice are used to trap and study HSCs as single cells (step 6). (C) Proof-of-principle experiments demonstrating the spatial control of protein immobilization afforded by the novel hydrogel microcontact printing process. Immobilized FITC-labelled BSA serves as a model protein to demonstrate anchoring on the bottom of individual microwells (right panel) rather than on the entire surface of the microwell array (left panel). 3D confocal micrographs of projection of 84 stacks acquired at a constant slice thickness of 1.8 μm. The small panels at the bottom of the 3D projections represent (x,z)-cross-sections through the gel revealing the resulting dispersed (bulk) or localized (microcontact printed) topography. (D) Immobilization of Fc-chimeric proteins via selective binding to ProteinA. Alexaconjugated Fc-fragment and Fc-N-Cadherin were tethered and detected via fluorescence microscopy according to the schemes (left & middle panels). As negative controls (right panels), microwell arrays are shown that are not tethered with Protein A or treated with isotype control primary antibody. Identification of proteins that significantly influence HSC proliferation kinetics at the clonal level. Quantification of the distribution of cells per microwell after 100 h in culture reveals HSC responsiveness to soluble and immobilized Fc-chimeric protein cues characteristic of the niche (n = 70-100 microwells per condition and per experiment analyzed; averages of three independent experiments with standard deviations are shown). Candidate factors were separated into four groups according to their growth behavior compared to the basal conditions: "basal-like" (Type I), slow proliferation (Type II; Wnt3a), fast proliferation (group III; IL-11 and TPO), and asynchronous divisions (group IV; Shh, N-Cad and Jag-1). (B) Identification of soluble and tethered putative niche cues that alter proliferation kinetics compared to the basal medium control via binning of the number of progeny of single HSCs into four groups at 100 h. (C) An additional analysis was performed for Type IV proteins to determine the percentage of microwells that contained 3 cells at 24 h time intervals over a period of one week compared to basal conditions. Care was taken to only score novel appearances of 3 cells per microwell at each time point in order to avoid counting the same data twice. T test for unequal sample size was used (n=57, 175, 65, and 80 microwells for basal, N-Cad, Jag-1, and Shh, respectively, −SEM with the significance level *p < .05 and **p < .01). Micromanipulation reveals HSC self-renewal divisions induced by Wnt3a-or N-Cadexposure. (A) Transplantation of micromanipulated clones that underwent variable division numbers to discriminate between HSC maintenance in the absence or presence of division, and expansion. Individual clones tracked in microwell arrays by time-lapse microscopy were selected based on the number of divisions they underwent, picked and transplanted into lethally irradiated recipients as indicated. (B) Peripheral blood chimerism in primary transplants 24 weeks post-transplant for singlets, doublets or clones. Wnt3a and N-Cad, but not TPO, maintains HSCs in a stem cell state in the absence of division (singlets) and induces selfrenewal divisions (doublets).
